The effects of selected metals (Mg2+, Mn2+, Zn2+, and Fe2+) on 3-acetyldeoxynivalenol (3-ADN) production by Fusarium graminearum R2118 and on its mycelial growth were investigated by using a two-stage submerged-culture technique. In certain concentrations ranges, Mg2+ and Fe2+ stimulated growth but suppressed 3-ADN production; at other concentrations, Mg2+, Fe2+, and Zn2+ suppressed growth but stimulated 3-ADN production. In contrast, Mn2+ stimulated growth but totally inhibited 3-ADN production at all concentrations tested. In general, the production of 3-ADN was inversely related to the growth rate of the fungus with these metals. Mn2+ appears to be a crucial factor regulating the onset of 3-ADN biosynthesis.
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The role of metals in the regulation of secondary as well as primary metabolism in microorganisms is well documented. Metals function as cofactors of enzymes to either stimulate or inhibit enzymatic reactions. They are also important in modulating cell wall permeability and in regulating many pre-and posttranscriptional events (12) . For fungi, metals have been shown to play important roles in secondary metabolism. The production of various antibiotics, hormones, and mycotoxins is greatly influenced by the presence of metals and other micronutrients in the production media (12) . Among the metals studied, manganese (Mn2+), iron (Fe2+), and zinc (Zn2+) appear to be most important in affecting secondary biosynthesis. While Mn2+ and Zn2+ inhibit the biosynthesis of malformin in Aspergillus niger and of fusaric acid in Fusarium vasinfectum, respectively (6, 10), Zn2+ is required in the biosynthesis of aflatoxin in Aspergillus parasiticus, fusaric acid in F. vasinfectum, and lysergic acid in Claviceps sp. (6) (7) (8) . On the other hand, these three metals all are inhibitory to fungal production of citric acid (9) . Relatively little is known about the effect of metals on trichothecene biosynthesis, although molybdenum inhibits, while Zn2+, Fe2+, and Cu2+ stimulate, the biosynthesis of roridin E, a macrocyclic trichothecene (5 dium. The YEPS and the replacement media were prepared as described previously (11) . The seed culture was incubated under the same conditions as for the stock inoculum culture. The mycelium collected from the seed culture was vacuum dried and washed with deionized water, and 0.25-g portions were transferred to 50-ml baffled flasks (Bellco), each containing 25 ml of the replacement medium. The replacement cultures for 3-ADN production were incubated for 120 h, an optimal period of incubation determined previously (11) . The replacement cultures were supplemented with each of the four metal salts under investigation: magnesium sulfate, manganese sulfate, zinc sulfate, and ferrous sulfate. The concentrations of the metals used ranged from 5 ,uM to 50 mM. Metal solutions were prepared in deionized water. All experiments were carried out in triplicate flasks and repeated twice throughout the study.
The entire volume of fermented broth in each replacement culture (25 ml) was filtered through Whatman no. 1 filter paper. The mycelium was washed three times with deionized water and dried at 60°C for 24 h. The weight of the mycelium determined under the treatment was considered to be the dry cell mass. After the pH of the filtered medium was measured, 3-ADN was extracted from the medium with three 10-ml volumes of ethyl acetate. The medium-solvent mixture was vigorously shaken and allowed to stand for 5 achieved by temperature programming from 175 to 250°C. The peak height method was used to determine the exact amount of 3-ADN against a standard curve.
The effects of the metals on the stimulation or inhibition of mycelial growth and 3-ADN production of F. graminearum R2118 were examined. In appropriate concentration ranges, Mg2+ and Fe2+ stimulated growth, and Mg2+, Fe2+, and Zn2+ stimulated 3-ADN production. In contrast, Mn2+ stimulated mycelial growth but totally inhibited 3-ADN production at all concentrations used.
Mycelial growth increased with increasing concentrations of Mg2+ up to 50 mM (Fig. 1A) . Mn2+ supported good growth but inhibited 3-ADN production at all concentrations used (Fig. 1B) . A yellow pigment appeared in the medium late in the fermentation when Mn2+ was present in the medium, and a similar phenomenon was observed at high Mg2+ concentrations (>5 mM). In the presence of Zn2+, mycelial growth increased with increasing concentrations of the metal up to 100 ,uM and then decreased at higher concentrations (Fig. 1D) . This might be due to an adverse effect of excess Zn2+ on the fungal macromolecular biosynthesis. Fe2+ supplementation to the medium enhanced mycelial growth at up to 5 mM, but higher concentrations appeared to be toxic to the fungus (Fig. 1C) .
The toxin production due to stimulation of growth, but at higher concentrations at which growth was inhibited, a 76% increase in toxin production was observed (Fig. 1D ). Fe2+ at low concentrations (5 to 10 ,uM) stimulated toxin production, but as the concentration was increased above 10 ,M, there was a precipitous reduction in toxin production with a concomitant increase in mycelial dry weight (Fig. 1C) . A maximum of a 95% increase in toxin production occurred at 5 ,uM Fe2+ supplementation. The remarkable and complete inhibition of 3-ADN production by Mn2+ at all concentrations used suggests that Mn2+ plays a crucial role in the metabolic regulation of 3-ADN biosynthesis (Fig. 1B) . It is evident that supplementation of metals to the production medium has marked effects on fungal growth and 3-ADN production. Biosynthesis of this toxic secondary metabolite seemed to be inversely related to the rate of mycelial growth. This relationship often has been observed in the biosynthesis of various secondary metabolites, such as bikaverin, aflatoxin, gibberellin, and ergot (3) . A decrease in growth rate could result from nutrient limitation or accumulation of toxic metabolites, while an increase in growth rate could be due to stimulation of important metabolic enzymes, leading to a uniform flow of carbon through various pathways. The latter condition would not allow accumulation of low-molecular-weight precursors which otherwise would be channelled into toxin production (2, 13). Mg2+ and Mn2+ can be interchanged as cofactors for a number of enzymes as well as in the production of ATP. Their presence in the medium would enhance utilization of carbon sources and result in elevated intracellular energy charge in favor of growth. Consequently, the secondary biosynthesis would be inhibited and toxin production would be reduced (4). In conclusion, we observed significant effects of several metals on the biosynthesis of 3-ADN. Some metals enhanced toxin production, while others inhibited it. The study of these effects, in light of the known functions of these metals associated with various enzymes in the primary metabolic pathways, will lead to a better understanding of the metabolic regulatory mechanism of 3-ADN biosynthesis. In view of the effective inhibition of 3-ADN production by Mn2", further work is under way to elucidate the role of Mn2" in the regulation of 3-ADN biosynthesis.
